Inositol 1,4,5-trisphosphate [InsP3(1, 4, 5) ] is a major second messenger regulating Ca2+ signaling in excitable and nonexcitable cells. InsP3(1,4,5) is extensively metabolized through a network of phosphorylation and dephosphorylation steps to products with potential second messenger function. Inositol 1, 3, 4, 3, 4, 5) ], the direct metabolite of InsP3 (1, 4, 5) , has also been associated with Ca2+ sgnaling, but whether InsP4 (l,3,4,5) (20) (21) (22) (23) (24) (25) (26) (27) . Recent evidence suggests that InsP4(1,3,4,5) acts as a distinct intracellular signal by increasing the activity of an ion channel in endothelial cells (21), but whether InsP4(1,3,4,5) or other metabolites of InsP3(1,4,5) can directly gate ion channels in neurons is unknown.
the plasma membrane that is a functional channel. The channel differs in conductance, kinetics, and voltage sensitivity from two plasma membrane InsP3(l,4,5)-gated channels previously reported in these neurons. In close spatial proximity, the InsP4(1,3,4,5)-and InsP3(1,4,5)-gated channels interact reciprocally to alter the channels' open probabilities in what may be a novel mechanism for regulating Ca2+ entry in neurons.
Stimulus-induced turnover of inositol phospholipid (IP) is a major intracellular signaling system that mediates the action of neurotransmitters, growth factors, and hormones (1) . Odors also can induce IP turnover in olfactory receptor cells (2) . In olfactory cilia, odors rapidly and transiently produce inositol 1,4,5-trisphosphate [InsP3 (1, 4, 5) ] (3), which directly activates one or more plasma membrane InsP3 (1, 4, 5) receptors (4, 5) . Since InsP3 (1, 4, 5) is extensively metabolized by cells, other IPs could be important intracellular signals in these neurons.
Isolation ofreceptors for inositol 1,3,4,5-tetrakisphosphate [InsP4 (1, 3, 4, 5) ] (6) (7) (8) (9) (10) (11) (12) , as well as those for inositol hexa- kisphosphate (11, 12) and IP.Rec (13) , suggests that phosphorylation products of InsP3 (1, 4, 5) may have signal function in other systems. InsP4 (1, 3, 4, 5) has attracted particular attention as a putative second messenger associated with enhancing Ca2+ entry, sequestering or mobilizing Ca2+, propagating Ca2+ waves, and altering membrane potential (1, 14) . Still unclear is whether InsP4 (1, 3, 4, 5) acts in combination with InsP3 (15) (16) (17) (18) (19) , or whether InsP4 acts directly and independently as an intracellular signal (20) (21) (22) (23) (24) (25) (26) (27) . Recent evidence suggests that InsP4 (1, 3, 4, 5) acts as a distinct intracellular signal by increasing the activity of an ion channel in endothelial cells (21) , but whether InsP4 (1, 3, 4, 5) or other metabolites of InsP3 (1, 4, 5) can directly gate ion channels in neurons is unknown.
To investigate the potential second messenger function of other inositol phospholipids in olfaction, we applied seven metabolites of the IP pathway to the inside face of cell-free patches of lobster olfactory receptor neurons (ORNs), a system in which plasma membrane InsP3(1,4,5)-activated ion channels mediate excitatory transduction (5) . We show that InsP4 (1, 3, 4, 5) can directly and independently activate a different ion channel than those activated by InsP3 (1, 4, 5) . At the same time, InsP4(1,3,4,5)-and InsP3(1,4,5)-activated channels can reciprocally interact to alter the channels' open probabilities (Propen) when they co-occur in the same patch of membrane. The InsP4(1,3,4,5)-activated channels may be one arm of a dualistic, interactive mechanism by which IPs regulate signal detection in these neurons.
MATERIALS AND METHODS
Tissue Culture. Clusters of ORNs were dissected from the olfactory organs (lateral antennular filaments) of adult specimens of the Caribbean spiny lobster Panulirus argus, enzymatically dissociated, and sustained in primary culture as described (28) .
Electrophysology. The cultured cells were viewed at 40x magnification with Hoffman optics for patch-clamp recording (29) . Patch electrodes, fabricated from 1.8-mm o.d. borosilicate glass and fire polished to a tip diameter of -1.0 pum (bubble number 4.8) (30) , produced seal resistances between 8 and 14 Gfl. Cell-free patches were excised from the soma membrane into serum-free, low glucose L15 medium. Patches containing channels activated by voltage or stretch were discarded without further analysis. Forty-two patches were studied by exposing them randomly to (symmetrical) patch solution, InsP4 (1, 3, 4, 5) , InsP3 (1, 4, 5) , and one or more other phospholipids. Data are included from 142 additional patches exposed only to InsP3 (1, 4, 5) . All Chemicals and Solutions. The patch solution consisted of (in mM) 30 NaCl, 11 EGTA, 10 Hepes, 1 CaCl2, 180 potassium acetate, and 6% glucose (pH 7.0). Panulirus saline consisted of (in mM) 458 NaCl, 13.4 KCl, 9.8 MgCl2, 13.6 CaCl2, 13.6 Na2SO4, 3 Hepes, and 2 glucose (pH 7.4). Low (Fig. 1A) . The average slope conductance of this channel was 193 ± 13.0 pS (n = 19) (Fig.  1B) , three to six times that of two InsP3(1,4,5)-activated channels (30 (Fig. 2B) In contrast, InsP3(1,4,5) (0.24 ,uM) only activated 30-and 74-pS channels in the 42 patches studied. In a larger sample, InsP3(1,4,5) (0.24 ,uM) activated the 193-pS channel, but only in 6 (5%) of 110 patches that contained an InsP3(1,4,5)-activated channel. Inositol hexakisphosphate (0.01 mM) activated the 193-pS channel in 1 of 13 patches. Inositol (n = 7, 1 mM), inositol 1-monophosphate (n = 8, 0.01 mM), inositol cyclic 1,2-monophosphate (n = 9, 0.01 mM), inositol 1,4-bisphosphate (n = 7, 0.1 mM), and inositol 1,3,4-trisphosphate (n = 9, 0.01 mM) failed to gate channel activity. The inactivity ofInsP3 (1,3,4) excluded the possibility that the 193-pS channel was activated by membrane-associated 3-phosphatases generating InsP3 (1,3,4) from InsP4(1,3,4,5) (31).
The lower and upper channel density of the InsP4 (1,3,4 ,5)-activated channel ( Fig. 2A) (Fig. 4A), suggesting that interaction altered the gating mechanism without interfering with the pore region. In patches containing both types of channels, the Prope. Fig. 2. (B (5, 28, 29, 33, 36) in the soma. All three types of IP-gated channels occur in the outer dendrite, the site of signal transduction in the mature cell (37) . Odors rapidly and transiently elevate InsP3(1,4,5) (38), the metabolic precursor of InsP4 (1, 3, 4, 5) , in the outer dendrite. InsP3 (1, 4, 5) would be expected to increase Ca2+ influx through the InsP3(1,4,5)-activated channels (35) and potentially activate a Ca-dependent 3-kinase to produce InsP4 (1,3,4,5) . Although the role of InsP4 (1,3,4,5) as an intracellular signal in olfactory receptor neurons remains to be determined, the InsP4(1,3,4,5)-gated channel, through its ability to interact with the InsP3 (1,4,5 If, as in other systems, the InsP4(1,3,4,5)-gated channel in lobster ORNs is calcium permeable, as preliminary experiments suggest (n = 2, data not shown), then at least two types of IP channels could mediate Ca2+ entry. Dual receptors mediating Ca2+ flux have been implicated in controlling fertilization (39, 40) and two Ca2+ releasing channels have been colocalized immunocytochemically in brain (41) . Having more than one Ca2+-mobilizing channel may be a fundamental property of neurons, if not all cells, and interaction among the channels may provide fine control of neuronal output.
